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ABSTRACT 

The  effects  of  tempering  temperature*  and  tempering  time* 

on  folly  quenched  loir-  and  bi/h-chemistry  SI' -SO  steel*  have  been  investigated. 
Correlation  procedure*  hare  been  established  for  relating  notch-brittleness  prop¬ 
erties  to  tensile  strength  fora  given  Charpr)  V-notch  fibrous  fracture  appearance. 

The  results  indicate  thatCiarpy  V-notch  transition  temperatures  increase  with 
increasing  austenitising  and  decreasing  tetropering.  temperatures.  For  fully 
quenched  HY-80  steels,  the  optimum  Charpvy  V-notch  impact  fibrous  transition 
temperatures  are  attained  for  the  100,000--p>Ri-yield-6lrength  level. 

INTRODUCTION 

At  the  end  of  World  War  0  the  bureau  of  Sm:ps  recognized  the  need  for  tho  development 
of  a  higb-yield-strength  steel  to  increase  the  comioat  effectiveness  of  submarines.  To  fulfill 
thin  need  an  investigation  wag  initiat'd  with  the  Halted  States  Steel  Compssy  srd  the  Inter¬ 
national  Nickel  Company  to  develop  a  nonballisttc.  weldable,  structural  steel  with  a  miniraim 
yield  strength  of  80,000  psi  in  the  eater-  quenched;  and  tempered  condition.  Although  this 
matcriad,  commonly  known  as  JIY-Vi,  has  been  iff  uise  since  1951,  little  is  known  of  its  met¬ 
allurgical  properties.  Therefore,  a  program1'  2  wfc-s  establishes!  to  perform  metallurgical 
studies  on  isothermal  transfonnttiem  products,  variations  in  chemistry,  and  impurities  io  de- 
tcrniine  their  relation  to  the  properties  and  weld  alibi  ity  of  high-strength  steels.  This  program 
is  concentrated  on  IIY-80  steel,  Military  Spec if) car-ion  M1L-S-16216.3  11Y-80  stool  is  one  of 
the  family  of  nickel-chromium-molyWenum  steel.*  uised  in  construction  requiring  high  strength 
and  notch  toughness.  The  data  obtained  from  the?  investigation  can  be  used  to  prognosticate 
the  effects  of  the  variables  studied  on  the  mechanical  pioporties  of  this  family  of  steels. 

The  essential  phases  in  this  program  are  rvutlined  in  F  iguro  1.  At  the  present  time 
must  of  the  experimental  work  for  Phase  1,  Metallurgical  Reactions,  has  been  completed.  It 
is  apparent  that  a  single  report  on  the  data  compiI>d  and  the  interpretation  thereof  would  be 
prohibitively  voluminous.  Hence,  Phase  1  w  ill  be-  -wbdividod  into  several  reports.  Tho  de¬ 
tails  steps  in  Phase  1  ate  depicted  in  Figure  2- 

This  report,  the  first  of  the  promised  series  on  Phase  I,  describes  the  effects  of 
austenitizing  and  tempering  on  the  mechanical  properties  of  fully  quenched  II\ -80  steels. 
The  steps  re|iortcd  heroin  are  Iho^e  included  within  the  broken  line  in  Figure  2. 

MATERIAJ-S 

The  metallurgical  principle*  governing  the  'revel  jpmenl of  the  weldable  80,000-psi- 
yie]d-strer,glh  structural  steels  v.e:e  the  same  as  t.tcse  set  forth  by  the  Ad  Hoc  Committee 

1  Kcfrirnc**  *k  ll»t*d  «i  p«*«  S6, 


n\<--t  iuui  jx ,.  Mop-  jn  (),,,  Study  of  Mctiilluruiivul  liouftionH 
of  !IY-M>  Stool-  (I'linsi*  I) 
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on  Nava!  Armor,4  One  of  t{iic:main  requisites  for  development  of  the  steel  was  that  the  steel 
selected  must  harden  to  a  imtnimum  of  80-porcent  martensite  at  the  center  of  the  plate  nfter 
heinjt  qucnchisl  in  still  »a;eir.  The  committee  based  the  80-percent  minimm  nequirement  on 
available  test  d*u  u.ken  froim  urmor  pTates,  that  is,  the  committee  fell  that  the  mechanical 
properties  of  h  quenched  ami: tempered  steel  would  he  detrimentnlly  affected  hy  increasing 
amounts  of  temf»-ri-d  norrcuniensitic  products. 

lioLh  ti  lo*  i  i.emistr  mtd  a  high-chemistry  1 1 V -SO  steel  were  used  in  the  study  reported 
here.  The  low -chemistry.  3.  23-m.  plate  was  obtained  from  standard  Navy  stock.  I'nfortunnlely , 
the  inunufnciui<*r'-'  heal  ar.d  ,:ilate  num  tiers  were  partially  obliterated  in  transportation.  The 
identifying  number*  which  .wine  visible  indicated  that  the  plate  was  manufactured  by  the 
l  .S.  ‘-!(ee|  (‘orimritinn,  Hos.testeiii1  Plant.  \t  the  start  of  this  investigation,  1,'2-in.,  high, 
chemistry,  IH -Vt  plate  ua-  amt  a  standard  production  item;  however,  U.S.  SjocI,  Homestead 
Plant,  contributed  a  l.'2-io.  >lv\  :!-ft  Itv  3  -  ft  piece  of  high-chemistry,  production-run  plate  left 
o\er  from  one  of  their  ex|~— niiejntal  studies.  These  tw  o  plates  w  ere  used  throughout  this 
invos  ligation. 

Mlhough  the  h igh-cr.eenistry  plate  was  not  ft  standard  item,  it  was  m«Je  from  a  stand¬ 
ard  open-lienrl li  mr-it  ami  rnjoell  to  thickness  using  the  same  production  procedures  normally 
used  in  manufacturing  1.  2-irn.  , plate.  \  thicker  ptoduction  plate  would  have  added  a  chemical 
heterogeneity  variable,  lle’ie.ie  .it  is  concluded  that  the  test  results  obtained  are  indicative  of 
the  performance  of  high-cht-i  usiry  commercially  prtalucetl  ilV-80  plates. 

CMCMISTRY 

I  he  clieirii- tries  of  true  ill  V-fiO  steels  used  in  this  investigation  are  compared  in 
1  aide  1  with  the  specification) .-requirements  for  IIY-80. 

I  he  pereentages  of  cben.ocal  impurities  present  in  the  test  plates  are  believed  such 
that  thejr  effects  on  fnaxir.um  e-nergy  and  transition  temperatures  and,  therefore,  on  notch 
brittleness,  would  Is-  neghgtsidc.  Sehw  arlzbarl6  den'onstrnled  that  the  Chorpv  Y-nolcti  tran¬ 
sition  temperature  for  steel-  containing  0.01-4  to  0.023  percent  phosphorous  is  minimized  if 
the  I l/i,l  ratio  is  3  or  greater:.  T.xtrnpolat ing  Hodge’s6  work  for  steels  containing  sulphur  in 
the  range  of  0.0)  1  t>,  (l.djs  pettvrnt  showes)  that  there  was  only  a  drop  in  maximum  rneigy  of  2 
to  a  ft -lb  and  that  sulphur  eminent  does  not  affect  transition  temperatures.  llivgg,7  in  reporting 
(he  work  of  others,  showisi  :;in,(  the  impact  properties  of  alloy  steels  containing  nickel  and 
chromium  are  not  adversely  .-v.’flerted  by  r upper  content  below-  0.23  percent.  In  general,  the 
literature  1  **■  g  indicates  thaii  a  small  percentage  of  copper  is  beneficial. 


TABLE  1 

Comparison  of  Chemistries  of  Steels  Used  in  This  Investigation  With  Cheroictl  Eeqturrements 

of  IIY-60  Specification  (M1L-S-I6276D) 


Steel  HY-80 

Chemistry,  Percent 

c 

Mn 

P 

S 

Si 

a; 

Cr  Mt» 

Cm 

Expeu  mental 

Low  Cherr. < stry 
High  Chemistry 

0.14 

0.15 

0.28 

0.24 

0.010 

0.01! 

0.018 

0.014 

0.18 

0.14* 

2.18 

2.85 

0.87*  J  O.Tlf 
1.44  0.415 

0.03 

0.03 

Specification 

Requuement 

Plale  up  to 

56.1  pel 

plate  above 

51.0  psl 

0.22** 

0.10-0.40 

0.035" 

0.04" 

0.15-0.35 

2.00-2.75 

j 

\ 

J 

0,90-iX  121-0)35 

0.23** 

0.10-0.40 

0.035" 

0.04" 

0.15-QJS 

2.50-3.25 

1.35-1.85  iUO-OOinO 

- 

#  In  check  analysis'  variation  of  the  specified  limits  is  permitted  by  the  following  anxnwlK 

Si  -0.0S 
Cf  -  a  06 
Ho  -  0.03 

••  Mawlnium  f.'.-rcentage  permitted 


HARDENABILITY 

The  ideal  critical  diameter  of  hardenability  of  these  pi  it  ten  was  calculiilled  by 

the  Grossman  and  Fields  method. 10  The  equations  developed  hy  the  Ad  Hoc  Omnillbie  on 
Niivul  \rmor4  were  used  for  converting  the  7>/so  values  fo  equivalent  ilijrkuer-n-*  ^ 
plates  quenched  in  still  water.  Their  harden  ability  conversion  curves  are  rcj<v5ircdl  lin 
Figure  .1  w  hich  converts  .Vj  Q  v  alues  to  50-,  K0-,  and  95-pcrcent  maOenaitc  at  rertierr  itliiek- 
ness  for  plates  quenched  in  still  waiter. 

The  D,  and  L  Ju  value-  for  50- ,  h0-,  and  95-perccnt  martensite  are  lisu-c  in  Talllle  *2 
where  the  hardenability  characteristics  for  (train  Si/.e  K  of  the  steel  ehemi-t/i-  r-cd!  ,in  this 
it. vest igation  nro  compared  wish  hardenability  of  the  minimum  and  maximum  c.y-r.i'triics  of  'he 
IIV-SO  steel  specification. 

The  tabulated  D f  and  !.  %u  values  in  Table  2  indicate  that  there  are  distinct  differences 
in  liardenaeilities  between  th»-  lew  -  and  high  chemistry  !  I A  -  bO  steels  used  in  thi-  investigation. 


(■ft)A»r.,.in'»  l.i<  lofA  for  oblainn.  *1.$*}  * 
fO'in-l  bar  •* f t w f  nn  »«lra!  •jo^nch. 


,r.  twist  t!  tc.i  n  'O^H-r^cot  martensitic  Nlnji  *1  is*  r  «>f  a 
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Comparison  of  Cefeclated  ff&rdenabilities  or  the  Steels  Used  in  This  Investigation 
with  the  Hardonabilities  of  Minimum  and  Maximum  Chemistries  of 

HY-SO  Specification  (M1L-S-16216D) 


—  - 

Cntical  Diameters,*  in. 

PI  ale  Thickness  (Still  Water  Quench),  inTl 

Steel 

"/-so 

"/-  80 

",9S 

"ju-SO 

"su-&0 

Enpetimental 

Low  Chemistry 

2.25 

R 

! 

0.96 

0.39 

High  Chemistry 

5.52 

m 

11 

3.25 

2.75 

ts^l 

Specification 

Plate  up  to 

56.1  psf 

low  Range 

1.42 

0.98 

0.58 

0.52 

0.45 

High  Range 

8.00 

6.38 

4.54 

4.96 

4.18 

3.31 

Plate  above 

51.0  psf 

Low  Range 

2.68 

2.02 

1.29 

1.23 

1.16 

1.03 

High  Range 

17.35 

14.05 

10.24 

11.5 

Ub 

*  Of  n  Sii«  8 

.lt«*caijse  of  the  differences  in  hardcnnbilitics,  the  test  results  obtained  arc  considered  in- 
.>lic:iti»e  of  the  mechanical  property  behavior  of  both  the  low-  nnd  high-chemistry  IJY-HO  steels 

(CRITICAL  POINTS 

Meal  critical  equilibrium  points  Afl  nnd  wore  calculated  using  the  method  do- 
w.dujs  d  by  Lambert  and  Grange.1 1  Dilutometric  critical  temperulure  measurements  /)  and 
ilfJ  were  made  at  the  Naval  Weapons  Plant,  W a.-hington,  l).C.  The  calculated  criticul 
.••ijuililrium  (mints  und  the  dilatomelric  critical  temperature  measurements  are  coir, piled  in 
Table  3.  The  d  inferences  between  the  A"  and  tin-  <\f  values  are  those  which  would  lie 
(expected  when  ideal  equilibrium  points  are  com  pared  with  the  actual  critical  transformation 
iter. (ventures  obtained  during  henting 


TEST  SPECIMENS 

do  remove  the  effects  of  nn\  previous  heal-treatmcnt,  the  as-received  stock  was 
■  i  .>r:  nlired  at  IfdiO"!-'  A  then  teuipered  at  lJO'i-K.  All  he at-lreatmc nts  were  performed  in 
neutral  salt-bath  furnaces  with  temperatures  controlled  to  w  ithin  -  5°  K. 
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TAELE  » 


Calculated  and  Measured  Critical  Temperature*  of  Low-  Mr)  Higfa-Cfcetiufitry 
HY-SO  Steels  Used  in  This  Inve*tix&uot 


Critical  Points,  deg  f 

Calculated 

tf*as*r<4  ] 

HY-80 

'»c. 

*r. 

Low  Chemistry 

1313 

1483 

i  m 

VM 

High  Chemistry 

1321 

1483 

\VA 

1479 

For  each  ti cat-treating  variable  to  be  studied,  a  set  of  com'pnwdng  two  or 

rmre  tensile  specimens  .  nd  a  minimum  of  nine  impact  were  heai-u^urf*d  at  one 

line.  Specimens  in  each  set  were  taken  at  random  locations  across  the  plate.  Thus,  if  any 
unrelated  localized  imperfection  in  the  plate  were  present,  it  would  not  be  e*id«mt  in  the  final 
test  result. 

Prior  to  final  austenitizing  hoat-troatment,  the  Uto«i!e  j*rvJ  f'harpv  V-aoO«!h  impact 
specimens  were  rough--iachined  equally  from  the  surfaces  of  tb*  plate  to  wit&iai  *1.02  in.  or 
final  dimensions.  Mets.llographic  analysis  indicated  tlial  the  uxwjoer.chod  speeumen  contained 
It-  to  5-percent  retained  austenite.  After  the  specimen  was  held  it,  a  mixture  of  t&ry  ice  arid 
acetone  at  -  110°F  for  l  hr,  the  retained  austenite  transformed  into  martensite.,  arnat  is,  exam¬ 
ination  at  n  magnification  of  1500  V  indicated  that  the  Iran- formation  of  the  sUiible  retained 
nustenite  w,ts  complete.  Ml  specimens  were  given  a  low-t/rrnp-ratwe  quench  cmmiediately 
after  the  lirine  quench  to  facilitate  tlie  transformation  of  retain'd  austenite  1»  in .-urle finite. 

Specimens  which  were  austenitized  above  1 700° F  were  transferred  to  a  «-*H  bath  whoso 
temperature  was  1550CF  for  the  low-chemistry  steel  and  H2f/'V  (nr  the  higir-ch-miislry  stool. 
This  procedure  eliminated  an\  questionable  results  which  might  have  arisen  tvesr* use  of  dif¬ 
ferences  in  thermal  gradients  between  the  austenitizing  U-frpr-faiur#*  »nd  the  brw  quench  and 
duplicated  possible  he*  spots  which  may  occur  in  any  production  lyjieof  a  ec-tvrumoous  lieat- 
trealing  zone  furnace. 

For  all  austenitizing  treatments,  almost  all  the  specimens  were  ti-eld  for  1/2  hr  at 
temperature  prior  to  quenching.  After  quenching,  the  h|h-i  imen*  »#tc  held  »:  ta*-  tempering 
temperature  for  prescriis-d  limes,  and  then  w nler  quench<d, 

\fti-r  final  he at-tzeut  meat ,  standard-threaded,  0. 252-in, -diafieUT,  tens;!- -qiecimenn 
„iH|  >|iindnrd  Clinrpy  V-r.ntch  specimens  (notched  perpendicular  o,  the  rolled  ■-  irfi-.re  through 
llie  thickness  of  the  plate)  were  tnnehined  in  accordance  wjfh  Federal  standard  :  V*  13 

In  onler  to  obi  a:  n  the  best  lest  result:  from  the  studies  of  fetal  I  urpic*  1  ructions,  it 
wits  felt  ihivl  the  test  - :«ecii:.ens  had  to  be  taken  in  such  orientation  with  re.-;- — “.  to  plate 
rolling  ns  to  minim. ze  :hc  effects  of  possible  chemical  bandit ./'  af»l  the  effect.-  of  directional 
nonine.ullic  im  lusions.  These  variables,  if  present,  run  parallel  m  the  dir»-<-i  of  major 


plale  roll  in  discrete  layer*.  Trvte-.defects,  if  present  in  a  transverse  tensile  specimen,  would 
act  as  points  of  weakness.  Ic  lorngitudinal,  Charpy  V-notrh  impact  specimens,  these  defects 
would  be  perpendicular  to  tie  di  tree  lion  of  crack  propagation  and  would,  therefore,  it  is  be¬ 
lieved,  act  partially  as  crack  aim*sters. 

To  prevent  any  of  these  eraraneous  defects  from  masking  the  results  of  the  variables 
being  studied,  the  tensile  s-pecihricns  w  ere  machined  parallel  to  the  direction  of  major  plate 
roll,  and  the  Charpy  V-noicfe  irrpracl  specimens  from  the  transverse  direction,  so  that  if 
banding  or  nonmetallic  iades'ions-  w  ere  present  w  ithin  the  test  specimen,  they  would  be  dis¬ 
tributed  as  dispersed  panicle*..  .'Since  the  low-Lhemistry  11Y-60  steel  plate  was  plentiful, 
several  transverse  tensile  ted  iiongitudinal  impnet  specimens  were  made  to  investigate  the 
effects  of  directionality  o*  the  lueat-trealed  specimens.  Because  of  the  scarcity  o  f  high- 
chemist/y  11Y-S0  me  tenal.  only  ui’.few  longitudinal  Charpy  V-notch  impact  specimens  were 
made  from  this  plate  for  earpansson.  It  is  to  be  noted  that  the  effects  of  chemical  banding 
and  the  directional  inclusions  am  mechanical  properties  and  notch  brittleness  will  he  studied 
in  the  second  and  third  pluses  off  this  investigation. 


EXPERIMENTAL  PROCEDURES 

The  experiments  included! (tensile  and  Charpy  V-notch  impact  tests  and  extensive 
metallog-aphic  analyses  of  all  rrosultnnt  microstruclures. 


MECHANICAL  TESTS 

Mechanical  property  lorah-sirain  curves  were  recorded  by  an  automatic  Bald  win-Sou' hwark 
rnicroformer  load-strain  recooiorriflUached  to  a  30,000-ll>  hydraulic  testing  machine.  A  strain 
magnification  of  500  to  3  was  ussed  throughout  th i 3  investigation.  In  order  to  avoid  any 
eccentric  loading,  universal-jmrnt  threndrd  gripping  devices  were  employed. 

Charpy  V-notch  impact  -tfpocimens  w  ere  tested  in  a  Tinius-Olsen,  pendulum-typo  impact 
tester  w  ith  a  capacity  of  2^s  ff-illi  and  a  siriking  velocity  of  lfl.65  fps.  Prior  to  testing,  Iho 
machine  was  caliltraied  in  acenmlanoo  with  ASTM  standards.14  Federal  standard  procedures 1 J'  ,J 
were  used  for  testing  both  the  unnsile  and  Charpy  V-notch  impact  specimens. 

Percent  filirous  fractures-  und  lateral  expansions  wero  calculated  from  measurements 
nblaintsl  from  the  broken  impact!  specimens.  Percent  Chnrpy  V-notch  fibrous  fractures  were 
obtained  m  a  magnification  of'ctl'  using  a  micrometer  eyepieco.  These  measurements  were 
checked  a  number  of  times,  amt.  the  results  always  ngreisj  within  2  or  3  percent.  The  most 
difficult  percent  fiber  to  delermiine  was  (lie  filter  of  Specimens  tempered  from  -100  to  COO °F. 

For  each  tempering  temperature-  fracture  n  p|>e  urnneo  was  eslalili.-*.:  d  by  observing  the  differ¬ 
ence  between  (he  appearance  off  these  specimens  and  the  appearance  of  the  specimens  for 
which  maximum  and  nipic  urn  mucrries  were  recorded.  Lateral  expansions  »cr>-  measured  at 
the  point  of  impnet  on  the  compm-ssion  s  itle  of  the  broken  impact  specimen. 
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KETAU.OGRAPW 

>tHvio(7tp5»«c  sptfc'iifK.'as  w«re  reountod  ia  transc-ytio  taunting:  nsit.  After  (.he  speej- 
MnaH  I'-etfi  iMjvafed,  1/1  in;.,  gif  apt'euaen  saufae®  was  raaebited  of?  ramies  coalent.  the  au*» 

were  then  grosses i-ly  ground  by  h&ad  on  t60-,  i’tO-,  400-t  and  600-grit  silicon  carbide 
puperv,  I  it.al  polisbjic  a i,ss  |»v: formed  w  two  elr.w s  ntiluinj>  ,t  60-cycle  automatic  vibrating 
polighe-.  In  The  aegdfir.-ui.-yoiislui'g.  the  bowl  moulting  plate  *u  cowered  with  a  l>l«'&cbtxl  silk 
eiv.h  and  a  sl-mv  - f  Liiwre  U.  distilled  Kite,  and  aerosol,  flami]  cloth  coveied  with  a  sIu,t> 
ot  /ind'!  15,  die‘ji>e«  j****r:,.iMvc  aerosol  was  lifted  for  the  final  polishing  operation. 

t.r  ctheieal  picric  as.-id  containing  Zephiran  Chloride4**  was  used  to  reveal  the  piior 
suster.itii  (i|B1 1  boundaries-. .’ifid  teinp-.iv  errhstUleiicnL  Three  etchants  were  vt.-;ed  to  reveal 
tie  riMrMs'xoct’Jics  ol  vhe  -.u-s-quenchtd  and  tempered  specimens:  a  solution  of  rat-.:  rate  a  picric 
i"i(f  for  iii>licea\in;-  craiia  trUi  indariits;  a  l-f.erc;*nt  nita{  solution  for  etching  the  ferrito;  and  a 
•.'tWKreer,.  water  sou.t3V3.uff  -inhydwi  <s  sodium  tact wbi sulfite  for  staining  the  as-quonciieo  and 
t T-p.' "i-t  niurlensilea,  IViv-vecn  ocxf  etching  the  specimens  wer»  washed  and  dried. 

Ajsle.uti;  micrpj.'tjirp  sire  rceas  urements  were  taken  in  accordance  with  ASTM  sUmdarda. ■'* 

TEST  RESULTS 

In  Tallies  5  throned.  TV  the  mechanical  properties  of  the  various  quenched  and  tempered 
h>  at-trenhnents  i.'tcf  tjfiueri  are  given.  Figures  5  through  26  depict  the.  mechanical  properties 
and  notch  brittleness*'*  diclu  in  viirioua  combinations.  it  is  realized  that  the  dels,  could  t>€ 
presented  in  many  other  emiidunntioui*,  bet  the  plots  given  are  believed  to  be  significant- 

The  C harpy  V-Dotenseurves,  such  as  energy  absorbed  versus  testing  temperatures,  ere 
point-to-point  plots  of  tin- Uo.nl  results;  however,  for  correlation  of  dati;  leant-rquaro  fits  were 
made.  The  liest  least-squnrro  fit  was  round  by  selecting  the  fit  which  gave  l?:c  minim  m:  rosidual. 

lidding  characieris-itics,  i.e.,  the  shape  of  the  stress-strain  curve,  are  reported  as  one 
of  the  factors  which  shows  -sensitivity  to  beat-treaung.  This  factor  was:  selected  based  upon 
previous  work  performed  atittho  Model  llasin  which  related  the  effects  of  yielding  characteristics 
to  heat-treatment.  *7*  ** 

Notch  brittleness  isiuscd  throughout  this  report  to  define  the  effects  of  various  metal¬ 
lurgical  fnrtors  on  theenengy  absorption,  fracture  appearance,  and  lateral  expansion  character¬ 
istics  for  a  given  test  tempieralure.  Arbitrary  standards  for  notch  brittleness  of  100-,  K0-,  50-, 
and  Oil-percent  ('harpy  Y-;ioili  i>  fibrous  fracture  characteristics  have  been  cliown.  Charpy  V- 
notch  impact  filirous  frac.uiiv  transition  temperatures  are  reported  as  the  temperature  at  which 
u  given  fibrous  appearance- us  ascertained. 


•  /rphuan  Chloride  ia  rr^.ti ■*lrfr<1  trnde  n an*  of  a  brand  of  ben/Alkontum  chloride  manufactured  by 
H inthrop-Fvtf *m«#  New  Yet*  York. 

•  •  Notch  buttlen#««  u  the  of  •  metal  to  fracture  at  points  of  stress  concentration  caused  by  • 

notch  %hrn  subjected  to  suddmiiv .applied  load. 
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Lateral  expansion  is  reported  it  the  figures  depicting  Charpy  V-noteh  properties. 

These  data  are  presented  here  but  not  discussed.* 

EFFECTS  OF  AUSTENITIZING  TEMPERATURES 

To  investigate  the  effects  of  austenitizing  temperatures  upon  grain  size  and  mechanical 
and  notch-brittleness  properties  of  HY-80  steels,  specimens  which  had  been  tempered  at  llf>0°P 
after  quenching  from  the  austenitizing  treatment  acre  studied.  The  1150®K  was  chosen  because 
it  is  the  minimum  tempering  temperature  required  by  the  military  HY-80  specification.* 

Grain  Size 

Table  4  lists  and  Figures  4  and  5  depict  the  effects  of  austenitizing  temperatures  on 
the  austenitic  grain  size.  Grain  size  in  low-chemistry  HY-80  steels  appears  to  increase  pro¬ 
gressively  with  increasing  austenitizing  temperatures.  However,  for  the  high-chemistry  HY-80 
steel,  the  microetructure  becomes  abnormal  when  austenitized  at  1850°F.  At  the  2000°F 
austenitizing  temperature,  the  grain  size  becomes  somewhat  uniform  and  cquiaxed.  However 
the  large  grains  of  the  abnormal  structure  (ASTM-3)  are  larger  than  the  average  austenitic 
grains  obtained  foe  the  higher  austenitizing  temperatures  (ASTM-5). 

Tensile  Properties 

Tho  effects  of  tempering  at  U50CK  after  quenching  from  various  austenitizing  temper¬ 
atures  on  the  mechanical  properties  are  also  given  in  Table  4.  The  mechanical  properties 
appear  not  to  be  affected  until  tho  1800  to  1S50°F  austenitizing  temperatures  are  reached;  at 
these  and  higher  temperatures,  the  mechanical  properties  arc  slightly  lower. 

Notch  Brittleness 

The  results  of  the  effects  of  tempering  at  1150:>F  after  quenching  from  the  various  aus¬ 
tenitizing  treatments  on  notch  brittleness-  are  presented  in  Table  4  and  depicted  in  Figures  (J 
and  7.  It  is  evident  in  Figure  6  that,  for  longitudinal  Charpy  V-notch  impact  specimens  of 
low-chemistry  HY-80  steel,  the  data  show  a  definite  increase  in  transition  temperatures  with 
increasing  austenitizing  temperatures.  Although  there  is  a  juxtaposition  of  the  transverse 
Charpy  V-notch  curves  for  both  the  low  -  and  high-chemistry  HY-80  as  shown  in  Figures  C  and 
7  for  austenitizing  temperatures  of  1700' F  and  below  and  for  1800°K  and  above,  iJlt.r,.  j* 
marked  separation  between  the  results  detained  from  the-  1700  and  180t)'T  austenitizing 
treatments;  see  Figure  7. 


*Th*  rclationahlp  of  Charpy  V -notch  energy  ato^orptton,  fibrous  fracture  appearance,  and  lateral  eipwttioa  to 
the  drop  weight  nil-ductility  transition  teraperaturr  (NDT)  and  heat -treatment  wilt  be  dlacuned  in  a  laterreport, 

(  teat  continued  on  page  17.) 


n 


E0»<4  nturaut** 


1850°  K 


ASTM  9—3 


2(XVOT 


A  STM  5-4 


fi'iro  r>  —  I’tiotn.-uirru^rhphs  Hi  100  X  of  Norm.il,  V.unomil,  anil  l^urm*  Austenitic  Grains  of 
Ihuli-Chi'Diisirv  IlY-hO  Su>pl  Au.-u*’niiin*<l  as  Indicated 


EFFECTS  OF  VARIOUS  TEMPERING  TEMPERATURES  AFTER 
QUENCHING  FROM  VARIOUS  AUSTENITIZING  TREATMENTS 


Varying  tempering  temperatures  and  anstermtizing  treatments  wore  investigated  to 
study  their  effects  on  mechanical  properties  such  ats  tensile  strength,  yielding  characteristics, 
and  notch  brittleness.  Although  the  mechanical  prorperties  resulting  from  the  tempering  tem¬ 
peratures  investigated  fall  outside  of  specification  rrequircments,  the  results  will  be  used  as 
a  basis  for  evaluating  the  other  phases  oT  this  studiy  to  be  reported  separately. 

Tensile  Properties 

After  the  specimens  were  qaenched  from  the'Maustenitic  3tate,  the  tensile  strengths,  as 
expected,  decreased  with  increasing  tempering  terr/rperatures.  However,  Figure  8  shows  that, 
for  tempering  temperatures  below  1150°F,  the  meciiiauical  tensile  properties  are  higher  for 
those  specimens  austenitized  in  the  1550  and  102.r'>°iF  range  than  those  austenitized  at  2000°F. 
At  the  higher  tempering  temperatures,  1150  to  J25101F,  the  tensilo  properties  approach  each 
other. 

The  longitudinal  and  transverse  tensile  properties  depicted  in  Figure  9  show  that  the 
longitudinal  tensile  data  are  higher  than  the  transwerso  data  for  tempering  temperatures  below 
900° F.  Above  900°F  the  tensile  data  merge  togiHfiier.  There  is  no  reversal  due  to  direction¬ 
ality  in  ductility,  i.e.,  percent  reduction  in  area  anul.pereent  elongation,  for  any  given  tempering 
temperature.  All  tho  longitudinal  percont-rcductiomrin-urcR  data  are  approximately  10  percent 
higher  than  the  transverse  data.  However,  the  percuorrl  elongation  does  not  reflect  any  differ¬ 
ence  between  tho  longitudinal  atxi  transverse  direciliona. 

From  Tables  5  and  6  it  caa  be  seen  that  blindness,  Rockwell  C,  is  affected  by  austen¬ 
itizing  temperatures,  that  is,  HY-SO  steels  lempertvil  below  1000°F  after  quenching  from  high 
austenitizing  lemporatures  have  a  lower  hardness  member  than  those  austenitized  at  lower 
temperatures. 

Yielding  Characteristics 

In  general,  the  stress-strain  curves  for  HY-iiO  stool  austonitized  at  155C  or  1C25°F 
have  similar  yielding  characteristics.  It  is  shown. -in  Figuro  10  that  the  yielding  behaviors  of 
both  low-  and  high-chcmistry  1IY-S0  stools  are  siimilar,  that  is,  tho  low-chemistry  HY’-RO  steel 
demonstrates  a  discontinuous  yield  for  tempering  uemperaturos  of  500  and  600°F,  whereas  the 
high-chemistry  stool  shows  a  discontinuous  yield  fior  tempering  temperatures  of  600  and  800°F. 
The  stress-strain  curve  for  the  high-chemistry  HY  -SO  stool  agBin  becomes  curvilinear  at  tho 
1000° K  tempering  temperatures.  \n  upper  yield  pminl  becomes  perceptible  after  000°F  temper 
for  tho  low-chemistry  I1Y-80  steel;  whereas,  for  tine  liigh-ehemistry  steel,  the  upper  yield  point 
is  apparent  after  the  120O°F  ten-penng  temperature:. 

For  tho  duplex  2000  to  1550  'F  and  2000  to  !!<'>2.ri°F  austenitizing  treatments,  tho  stress- 
strain  curves  for  various  tempering  temperatures,  IFigurc  It',  show  a  curvilinear  yield  up  to  the 
tempering  temperature  of  1 1 50 c K ;  at  1200°F  the  cuir.ves  have  a  plateau. 

(Test  conttnvjrti  on  page  2X) 
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TAttLE 5 

inu  TomporiUuros  on  Mochanicnl  Propcrtios  of  Low-ChomisUy  11V-80  Stool 
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Various  Tempering  Temperatures  on  Yielding  Characteristics  of  Low-  and  High-Chemistry  HY-80  gteel  after 
Quenching  from  Various  Austenitising  Treatments 


There  Uz>ibe  a  combined  effect  of  austenitizing  temperature  and  1270°  F  tem¬ 

pering  temperature  on  iK'te  yielding  characteristics  of  high-chemistry  If  Y -80  steel.  It  is  shown 
in  Figure  10  that  the  yielding  characteristics  resulting  from  the  1270°  F  temper  for  both  the 
1550  and  1625'*  F  aostomitizing  treatments  change  from  discontinuous  to  curvilinear;  the  curve 
obtained  from  the  npeciccien  austenitized  at  1550°  F  is  more  curvilinear  than  that  for  the  speci¬ 
mens  austenitized  at  10i25°  F.  The  specimens  tempered  at  1270°  F  after  being  quenched  from 
the  duplex  aosteeitiziagtitemperatures  of  20GQ  to  1625°  F  show  a  plateau  type  of  yielding. 

The  effects  of  att*teniiliaing  are  very  noticeable  for  this  tempering  temporature  when  the  pro¬ 
portional  limit  data  conqpiled  in  Tabic  6  are  compared.  For  the  austenitizing  temperatures  of 
1550  and  1025°  F,  the  rreaulting  proportional  limits  are  at  the  60,000-psi  level,  whereas  the 
limits  for  the  specimens  vwhich  wore  tempered  at  1270°  F  and  had  the  duplex  austenitizing 
treatment,  2000  to  ld2.'>5T,lF(  are  approximately  20,000  psi  higher 

Notch  Brittleness 

In  general,  the  rmUch-brittloness  properties  of  both  the  low-  and  high-chemistry  HY-80 
steels  showed  an  incroamo  in  transition  temperature  with  increasing  austenitizing  temperatures 
and  with  decreasing  tem|pering  temperatures. 

In  comparing  the  (dharpy  V-notch  data  for  the  low-  and  high-chemistry  steels  for  a  given 
tempering  lcrrip*TsOir<;,.tllic  highor  mechanical  properties  of  the  high-chomistry  HY-80  stool 
must  bo  considered  or  am(erroneous  conclusion  may  be  drawn  as  to  the  effects  of  chemistry. 
Although  the  majority  offtlho  Charpy  V-notch  tests  for  both  the  low-  and  high-chemistry  HY-80 
steels  were  taken  from  tlho  transverse  direction  of  plate  roll,  the  result;  from  the  few  longi¬ 
tudinal  Hpecimens  indinuite  highor  energies  and  lower  transition  temperatures.  Mechanical 
property  strength,  Charpty ',V-notch  data,  and  the  relationships  between  longitudinal  and  trans¬ 
verse  impact  data  for  holth  the  low-  and  high-cbemistry  steels  will  be  fully  discussed  in  a  sub¬ 
sequent  soclion  of  this  rreport.  However,  it  should  be  noted  from  Tables  5  and  0  that,  for  a 
given  strength  level,  tliietCliarpy  V-notch  energy  levels  are  the  same  for  a  given  fibrous  con¬ 
dition  whilo  the  fibrous  (Hs  isition  temperatures  are  dependent  upon  the  austenitizing  treatment, 
tempering  treatment,  ami] (chemistry. 

Tables  5  and  6  amil  Figures  11  through  16  clearly  show  tho  effects  of  tempering  tempera¬ 
tures  on  the  energy. absorption  lovol  and  fibrous  transition  tomperaturos  for  a  given  austenitizing 
treatment.  The  curves  o/f'Charpy  V-notch* enorgy  absorbed  versus  tomperaluro  for  specimens 
temporod  bolow  600°  F  tore  very  similar;  see  especially  Figures  11  and  15. 

From  these  same  iVtibles  and  figures  thero  appears  to  bo  as  increase  in  Charpy  V-notch 
energy-absorption  level',  mnd  a  decrease  in  fibrous  transition  temperature  for  tempering  tempera¬ 
tures  b-  twee  300  ami  U!150°  F.  For  tempering  temperatures  above  1150°  F  tho  transverse  data 
show  a  juxtaposition  in  lliiteral  expansion,  percont  fibrous  fracture,  and  enorgy  absorption  for 
any  austenitizing  treatment!. 

<T«*t  continued  on  page  30.) 
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Figure"  12  -  Effects  of  Tempering  Temperature  on  Charpy  V -Notch  Impact  Phofierlics 
of  Low -Che  mis  try  1 1 V- 80  Stool  after  Austenitizing  at  1625°  F 
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The  effects  of  tempering  termperatnre  on  the  martens  it  rc  micros  tracts  re  for  both  low  end 
high  austenitizing  temperatures  atee depicted  for  low-chemistry  HY-60  steel  in  Figure  IT  tad 
for  high-chemistry  HY-80  in  Figured!*. 

The  miciostructufes,  as  expoccted,  for  both  the  low-  and  high-chetnistry  steels  show 
progressive  spheroidizatioa  of  carb>ides  from  the  as-queoched  martensitic  state  to  the  highly 
tempered  martensitic  structures.  N*w>  precipitated  products  were  discernible  for  the  low  tem¬ 
pering  temperatures,  500  to  *00°  F^.nnof  for  the  structures  tempered  at  1150  to  1200°  F. 
Metallogrnphic  examination  of  specimens  tempered  at  1270°  F  revealed  a  still  greater 
spheroidizatioa  of  carbides. 

EFFECTS  OF  VARIOUS  TEMPERING  TIMES  AT  VARIOUS 
TEMPERING  TEMPERATURES 

Tempering  times  at  #  giveii'.uemperature  were  investigated  to  study  their  effects  on  the 
tensile  and  notch-brittleness  properrties  of  HY-60  steel*. 

Tensile  Properties 

A  study  of  the  tensile  properrties  compiled  in  Table  7  indicates  that  the  yield  and 
ter.9'le  properties  dccroa.se  with  increasing  times  at  tempering  temperatures.  To  meet  yield- 
strength  specification  requirements- 1  it  takes  the  low-chemistry  HY-80  steel  quenched  to  a 
fully  martensitic  structure  2  to  3  hnit  the  1150°  F  tempering  temperature  whereas  the  high- 
chemistiy  11Y-8Q  steel  does  not  meect  the  maximum  yield-strength  requirements  after  3  hr  at 
1150°  F.  If  these  data  are  projected!,  it  will  take  approximately  6  hr  at  1150°  F  for  the  high- 
chomistry  HY-ftrt  steel  to  meet  the  sfpecified  yield  strength. 

Notch  Brittleness 

The  effects  of  tempering  tjnnefoc  various  tempering  temperatures  on  the  Charpy  V-nolch 
transition  temperatures  arc  shown  ttr  Figures  19,  20,  and  21.  The  effects  of  tempering  time 
were  investigated  more  completely- ffor  the  low-chen.isiry  HY-80  steel  than  for  the  high- 
cheniistrv  1IY-S0  steel  because  of  ih$*-  insufficient  quantity  of  the  high-chemistry  material. 

Charpy  V-nolcb  transition  torurperatures  of  the  low-chemistry  HY-80  stool  for  tempering 
temperatures  below  1000°  F  mere  imvestigated  for  times  up  to  and  including  8  hr  at  temperature. 
Tempering  temperatures  above  115'H'i''.F  were  investigated  up  to  and  including  16  hr.  The  re¬ 
sults  are  only  indicative  for  the  holaiing  times  investigated. 

The  Charpy  V-notch  transition  temperature  for  the  low. chemistry  steel.  Figure  19, 
appears  not  to  Ik;  affected  by  the  terc-.p«-ring  holding  times  investigated.  Figure  20  compares 
the  effects  of  tempering  at  1200°  F  tfor  holding  times  of  1  to  16  hr  for  two  austenitizing  tem¬ 
peratures,  1550  and  1625°  F.  Thu  rresults  for  these  tempering  temperatures  and  holding  times 
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Figure  17  -  Photomicrographs  at  750  X  of  Lo*-Chomislry  lfV-60  Steol  Tempered  at 
Various  Yomperaluros  after  Quenching  from  1550°  F 
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Figure  18  -  Photomicrographs  al  7DU  X  of  High-Chemistry  1!W-H0  Stool  Tempered  at 
Various  Temperatures  after  Quenching  from  F 
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TABLE  7  -  Effects  of  V  arious  Tempering  Times  at  Various  Temperatures  on  the  Mechanical  Properties  ot 
Low-  and  Hirh-Chemistrv  HY-SO  Steel  after  Quenching  from  Various  Austenitizing  Treatments 


imrtlM  HHI  Hi|*-C***i>Uy  HT-IO  Ittrl 


CHAAPY  V-NOTCH  IMPACT  PPOPEATH* 


indicate  that  normal  austenitizing  temperatures  have  no  effect  on  notch  brittleness  for  the 
times  investigated.  Superimposing  Figure  20  on  Figure  19,  it  can  be  seee  that  the  1200°  F 
tempers  fall  on  the  transition  curves  obtained  by  tempering  at  1150°  F. 

For  the  high-chemistry  ilY-80  steel,  the  effects  of  holding  timo  at  one  tempering  tem¬ 
perature,  1250°  F,  »ere  investigated;  see  Figure  21.  The  Charpy  V-notch  transition  temper¬ 
atures  for  this  one  tempering  temperature  indicate  that  a  fully  martensitic  high-chemistry 
1IY-S0  steel  is  not  detrimentally  affected  by  holding  times  up  to  and  including  16  hr. 

Microstructure 

Ethereal  picric  acid  with  Zcphiran  Chloride  etch  revealed  no  embrittlement  of  the 
microstructure  for  any  given  tempering  temperatures  with  the  holding  limes  investigated. 

CORRELATION  AND  INTERRELATION  OF  DATA 

These  data  will  be  correlated  to  establish  base  lines  for  future  evaluations  of  lh« 
effects  of  other  variables  on  mechanical  and  notch-brittleness  properties.  Maximum  energy 
and  fibrous  appearance  ( 1 00- ,  S0-,  50*,  and  30-perccnt  fiber)  of  the  Charpy  V-notch  specimens 
were  selected  as  constants  for  relating  tensile  properties  to  other  Charpy  V-notch  impact 
results.  In  addition,  correlations  between  properties  are  presented  such  as  longitudinal  to 
transverse  Charpy  V-notch  properties,  longitudinal  tensile  properties  to  Charpy  V-noteh  fi¬ 
brous  transition  temperatures,  and,  finally,  hardness  to  yield  and  tensile  strengths.  To  con¬ 
sider  properly  the  large  number  of  variables  involved,  each  problem  was  statistically  programmed 
for  the  IBM  709  computer.  Figures  22  through  24  and  26  are  the  results  of  derived  least- 
square  equations.  The  equations  for  tho  least-square  fit  and  its  sigma  ( a )  values  given  for 
each  developed  curve  are  the  best  for  the  obtained  data.  For  three  curves  a  fourlh-degreo 
equation  was  obtained  which  had  a  sigma  value  which  was  smaller  in  the  second  decimal  place. 
A  sample  plot  was  made  using  the  third-  nnd  fourth-degree  equations,  ar.d  it  was  observed  that 
the  third-degree  equation  was  as  adequate  as  the  more  cumbersome  fourth-degree  equation.  The 
sigma  values  obtained  from  third-  and  fourth-degree  equations  wero  always  the  same;  therefore, 
only  third-degree  equations  were  used  in  plotting  tho  curves,  except  in  one  case  a  second- 
degree  curve  was  used,  i'he  limits  of  the  independent  variable  were  the  minimum  and  maximum 
test  data  obtained  except,  in  Figure  23  where  the  maximum  limit  was  set  for  data  ohluir.ed 
below  tempers  of  600°  F. 

The  Appendix  is  a  compilation  of  the  least-square  equations  and  their  sigma  valm  for 
curves  shown  in  Figures  22  through  21  and  2G  through  28. 

CORRELATION  BETWEEN  LONGITUDINAL  TENSILE  AND 
CHARPY  V-NOTCH  PROPERTIES 

Figures  22  anil  23  show  the  least-square  fit  relating  longitudinal  yield  and  tensile 
strengths  totran-oer-e  (  harpy  V-notch  properties  (energy  absorption  and  fibrous  transition 
temperatures)  for  a  given  (  harpy  \ -notch  fibrous  condition.  The  least-square  equations 
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TRANSVERSE  CMARPY  V- NOTCH  flBROUS  FRACTURE  TRANSITION  TEMPERATURE  (DCS  f) 
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Figure  23  -  Correlation  between  'i.ungitudinal  Strength  and  Transverse  Charpy  V-Notch 
Fibrous  Fracture  Tmin.-ilion  Temperatures  for  Fully  Quenched 
ari.il  Tempered  IIY-60  Steel 
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given  io  the  Appendix  for  developing  Figure  22  were  derived  from  both  the  low-  and  higb- 
chemistrv  test  data.  Equations  derived  for  each  individual  chemistry  showed  that  its  sigmai 
value  was  slightly  lower  than  the  sigma  value  of  the  combined  chemistries.  For  example,  the? 
curre  relating  the  maximum  Charpy  V-notch  energy  absorbed  to  yield  strength  for  both  chem¬ 
istries  has  a  sigma  value  of  5.03;  the  sigma  values  for  the  Tow-  and  the  hfgh-chcmistries  are,', 
respectively,  3.05  and  4.99.  It  can  be  considered  that  the  sigma-value  deviations  for  the  conr»- 
bined  chemistries  given  in  the  Appendix  for  Figure  22  fall  well  within  experimental  error. 

Figure  23  shows  that  for  the  high  austenitizing  temperatures,  1800  to  2000°  F(-Uie  re¬ 
sults  fall  on  one  curve  for  any  given  Charpy  V-notch  fibrous  fracture  condition.  For  the  low, 
austenitizing  temperatures,  1550  to  1650®  F,  the  data  obtained  from  the  100-  and  80-pcrcent 
Charpy  Y-notcl»  fibrous  fractures  fall  on  two  distinct  curvos.  The  low-chemistry  HY-80  aus¬ 
tenitized  between  1550  and  1650°  F  and  the  high-chemistry  HY-80  austenitized  at  1025°  F  folll 
on  the  intermediate  curve;  whereas,  tho  high-chemistry  IIY-80  austenitized  between  1025  widt 
1650°  F  fall  on  the  lower  curve.  This  data  indicates  that  the  austenitizing  temperature  and 
also  the  chemistry  have  a  direct  effect  on  tho  Charpy  V-notch  fibrous  transition  temperaturo- 
for  the  1Q0-  and  80-percent  fibrous  fracture  conditions.  However,  for  the  50-  and  30-percent 
fibrous  fracture  conditions,  the  fibrous  transition  temperatures  results  for  either  chemistry  arce 
dependant  only  on  the  range  in  which  tho  specimens  were  austenitized,  that  is,  tho  specimens 
austenitized  between  1550  and  1650°  F  full  on  one  curve,  while  those  austenitized  between 
1800  and  2000°  F  fall  on  the  higher  curve. 

Figure  24  is  a  compilation  of  the  least-square  curves  of  Figures  22  and  23;  however,, 
tho  100-  and  80-pcrcent  fibrous-transition-tomperature  curves  for  the  1550  to  IB 50°  F  austen¬ 
itizing  temperatures  are  omitted  from  this  compilation  bccauso  of  tho  large  effect  of  chcmisttty 
as  depicted  in  Figure  23.  For  the  steels  investigated  the  transverse  Charpy  V-notch  onergy- 
absorption  for  a  given  fibrous  condition  con  be  predicted  for  any  desired  strength  lovel  from. 
Figure  24;  however,  only  a  semiquantilnlivo  prediction  can  bo  otained  for  the  fibroin-fracture 
transition  temperatures- 

The  effects  of  directionality  Chnrpy  V-notch  properties  for  low-chemistry  HY-80  steell 
austenitized  at  1550°  F  are  shown  in  Figure  25.  It  is  interesting  to  note  that,  for  a  given 
fibrous  fraclure  appearance  and  for  strength  levels  between  110,000  and  ICO, 000  psi,  the 
specimens  for  longitudinal  and  transverse  Charpy  V-notch  fibrous  transition  temperatures 
appear  to  merge  together,  whorcas  there  is  a  distinct  spread  between  the  curves  for  energy- 
absorption  levels. 

CORRELATIONS  BETWEEN  LONGITUDINAL  AND  TRANSVERSE  CHARPY  V-NOTCH 
DATA  AT  MAXIMUM  ENERGY  OR  AT  A  GIVEN  PERCENT  FIBER 

In  the  preceding  section  in  which  duta  relating  to  the  effects  of  varying  austenitizing 
and  tempering  temperatures  on  IIY-J»0  steels  were  presented,  it  was  noted  that  there  may  be  u* 
correlation  between  the  Charpy  V-notch  energy-absorption  levels  of  longitudinal  and  transverse1 
data  for  maximum  energy  absorbed  and  for  a  given  Charpy  V-notch  fibrous  fracture  appearance:. 


Figure  26  depicts,  for  a  given  Charpy  V-notch  fibrous  fracture  appearance,  the  correlation 
between  longitudinal  and  transverso  fibrous  transition  temperatures  and  the  correlation  be¬ 
tween  longitudinal  and  transverse  energy-absorption  levels  foe  the  steels  used  in  tlus  investi¬ 
gation. 

Tho  correlations  given  in  Figure  26  are  to  be  considered  as  indicative,  since  the  curves 
are  fitted  to  a  limited  number  of  tost  points.  With  additional  data  it  would  be  expected  that 
the  degree  of  fit  will  not  change  but  that  there  will  be  a  slight  shift  in  the  curve  itself.  The 
sigma  value  of  7  ft-lb,  given  in  the  Appendix,  for  the  transverse  energy  versus  the  longitudinal 
energy  is  within  experimental  error,  whoreas  the  sigma  value  of  25°  F  for  the  fibrous  transition 
temperatures  is  considered  large. 

CORRELATION  BETWEEN  HARDNESS  AND 
TENSILE  PROPERTIES 

Figure  27  depicts  the  relation  between  yield  and  tensile  strength  and  Rockwell  C 
hardness  for  specimens  austenitized  betweon  1550  and  1650°  F.  Since  Brinell  hardness  is 
usually  related  to  tensile  strength,  this  relationship  is  also  shown  in  Figure  27.  As  pre¬ 
viously  discussed,  specimens  austenitized  at  1800°  F  and  above  had  lower  hardnesses  than 
those  austenitized  at  lower  temperature  for  corresponding  strength  levels.  From  the  Appendix 
it  can  ho  scon  that  the  least-square  curves  fitted  to  tho  high  austenitizing  temporature,  Fig¬ 
aro  28,  have  larger  sigma  values.  Figure  28  shows  the  combined  effects  of  chomistrios  and 
high-austeoitizing  treatment  on  tho  hardness  for  a  given  strength  level. 

DISCUSSION 

The  test  results  which  have  been  presented  show  the  effects  of  particular  variables 
such  as  uustenilizing  temperatures  and  tempering  temperatures  on  the  mechanical  properties 
of  fully  quenched,  martensitic,  production-produced,  11Y-80  steel  plates  of  both  low  and  high 
chemistry. 

To  understand  the  cffocts  of  varying  hoat-Uoalment  on  the  properties  of  1IY-80  steel, 
Charpy  V-notch  fibrous  fracture  appearance  was  selected  as  tho  criterion  since  it  is  bcliovcd 
that  this  property  is  more  sensitive  to  change  in  miciostructure  than  any  other  criterion. 

In  general,  this  in\ ostigation  shows  that  IIV-80  steely  austenitized  at  any  temperature 
and  then  quenched  io  a  fully  martensitic  structure  and  tempered  in  accordance  with  the  speci¬ 
fication  would  moot  the  mechanical  properties  and  Charpy  V-nolch  impact  requirements  of 
Reference  3.  h  or  the  latter  property  where  high  austenitizing  temperatures  are  concerned,  it 
is  cautioned  thnt  the  energy  absorption  cannot  bo  considered  as  a  true  index  for  notch  briltlo- 
no>s  since  the  spec:fi:ution's  longitudinal  impact  requirements,  50  ft-lb  at  -120°  F  for  plates 
up  to  61.2  lb  per  mj  ft  and  .10  ft-lb  at  -120°  F  for  hoaxier  plates  were  established  empirically, 20 
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Figure  06  -  Correlation  of  Transverse  and  Longitudinal  Charpy  V -Notch  Irrpaact  Properties 
(Ki.orgy  \bsorbed  iir.d  Fibrous  Fracture  Transition  Temperature)  for  Max  irnium  Energy 
and  for  any  (.liven  Percent  Fibrous  Fracture  Appearance  of  a  Folly  Qruenchod, 
Straight* Away-Rolled  Low-Chemistry  UY-80  Stool 


44 


-J  G  T  H 


Higher  austenitizing  temperatures  may  increase  the  NDT  temperature,  that  is,  the  energies 
obtained  for  specimens  austenitized  above  180b  F  (while  meeting  the  50  ft-lb  level  at  -120°  F) 
do  not  necessarily  indicate  aa  acceptable  NDT  temperature. 

In  Figures  11  and  15,  in  which  longitudinal  and  transverse  Charpy  V-nolch  curves  are 
compared,  the  lower  legs  of  the  curves  do  not  merge  as  would  normally  be  expected.  It  ia 
believed  that  this  failuro  to  uerge  between  tho  lower  plateaus  may  be  due  to  composition,  heat- 
treatment,  and  amount  of  cross-rolling;  however,  examination  of  Charpy  V-notch  curves  taken 
from  a  number  of  production-produced  plates  indicated  that  this  separation  is  normal  for  HV-80. 

Figure  23  shows  that  austenitizing  temperatures  have  an  effect  on  the  transverse  Charpy 
V-notch  fibrous-fracture  transition  temperatures  for  a  given  fibrous  fracture.  It  depicts  that, 
for  the  high  austenitizing  temperatures,  1800  to  2000°  F,  the  Charpy  V-notch  fibrous-fracturo 
transition  temperatures  are  above  the  transition  temperatures  obtained  from  the  low  austeni¬ 
tizing  temperatures,  1550  to  1650°  F.  The  only  exception  to  tho  preceding  observation  is  the 
high-chemistry  steel  tempered  at  400°  F  after  quenching  from  the  2000°  F  treatment.  The  higher 
the  strength  level,  tho  gre*>T  the  difference  in  spread  betwcon  the  high  and  low  austenitizing 
temperatures. 

For  tho  steel  chemical  compositions  investigated,  it  appears  from  Tables  5  and  6  that 
the  minimum  transition  tetrperaturo  for  any  given  fibrous  condition  resulted  by  austenitizing 
at  1550°  F  for  tho  low-chersistry  and  at  1625°  F  for  tho  high-chemistry  11Y-80  steels.  However, 
the  duplex  austenitizing  treatments  above  1800°  F  result  in  higher  transition  temperatures. 

For  example,  it  can  bo  sees  for  the  50-percent  fibrous-fracturo  transition  tomporaturo  in  Tables 

5  and  6  and  Figure  23  that  there  is  approximately  a  100°  F  difference  botweon  duplex  high 
austenitizing  treatments  a»J  tho  optimum  austenitizing  temperatures  found,  respectively,  for 
the  low-  and  high-chemistry  HY-80  steels. 

The  lowest  Charpy  V-nolch  fibrous-fracture  transition  temperature,  100,000-  to  110,000- 
psi  yiold,  appears  to  be  at  1150  and  1200°  F  for  the  1  -hr  tempering  times  a3  evident  by  Numbers 

6  and  0  in  Figuro  23,  100,000-  to  110,000-psi  yield  strengths.  In  fact,  in  Figure  23  the  least- 
squaro  fit  shows  that  the  transition  temperatures  have  a  tendency  to  incroaso  with  tempering 
temperatures  above  1200°  F  and  with  yield  strengths  below  100,000  psi. 

From  Figure  22,  it  is  seen  that  for  any  given  transverso  Charpy  V-notch  fibrous  fracluro 
apponranco  and  for  any  selected  strength  level,  tho  energy-absorption  levol  is  inuopondenl  of 
austenitizing  and  tempering  temperatures.  This  figure  shows  that,  for  Chnrpy  V-notch  80-  and 
100-pnrcent  fibrous  fracture  appearance  and  for  maximum  energy-absorption  level,  the  energies 
increase  with  decreasing  strength  levels.  But  the  Charpy  V-notch  energy-absorption  levels 
for  50-  and  30-perconl  fibrous  fracture  appearances  show  a  dccroase  aflor  95,000-p.si  yield 
strength  or  after  tho  110,noo.j)S).t<,nsilo., strength  level  is  reached. 

It  is  interesting  to  cote  from  Figuro  25  that  tho  low-chomislry  UY-80  steel,  if  fully 
quenched  and  to.  pored  to  a  yield  strength  of  150,000  psi,  will  have  for  the  50-percenl-iibfous- 
fracluro-transilion  It  vel,  a  transverse  Charpy  V-nolch  energy  absorption  of  28  ft-lb  at  -70°  F, 
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and  a  corresponding  longitudinal  Charpy  V-notch  energy  absorption  of  42  ft-Ib  at  -80°  F- 
For  high-chemistry  HY-80  steel  heat-treated  to  a  yield  strength  of  150,000  psi.  Figure  22 
shows  that  the  transverse  Charpy  V-r.otch  50-p'ircent  fibrous-fracture  energy  values  would 
also  fall  close  to  the  28  ft-lh  leveL  However,  from  the  black  closed  triangles'  for  the  517- 
percent  fibrous-fracture-transition  temperature  in  Figure  23,  this  energy  value  would  be 
obtained  at  a  test  temperature  of  -95°  F.  The  longitudinal  energies  for  this  same  fracture 
criterion  probably  would  be  above  45  ft-lb  at  -110°  F. 

From  the  test  results  of  either  of  the  IIV-80  chemistries  investigated,  it  can  be  eeen 
from  Tables  5  and  6  and  from  Figure  23  that  the  sloel  is  subject  to  aging  in  two  tempering 
ranges.  For  the  500  and  800°  F  tempers  the  effect  is  to  increase  the  transition  temperature 
and  strength  level.  In  Figure  25  the  longitudinal  fibrous-fracture  transition  temperatures 
for  these  same  tempering  temperatures  show  the  snme  significant  increase.  For  tempering 
between  1150  and  1200°  F  there  appears  to  be  a  combination  of  two  effects.  The  first  is  the 
precipitation  of  a  complex  molybdenum  carbide  plmsc,  giving  rise  to  a  secondary  hardening 
or  aging  effect, 19  and  the  second  is  a  softening  cffoct  due  to  the  coalesenco  of  carbides  in 
tempering.  Because  these  effects  nullify  ea othor,  the  strength  level  remains  somewhat 
constant,  but  the  transverse  fibrous-fracture  transition  temperatures  are  slightly  decreased. 

The  longitudinal  fibrous  transition  tcmporaturoH  show  a  greater  decrease. 

Figure  10  depicts  ihe  changes  in  yielding  characteristics  for  various  austenitizing 
treatments.  The  theoretical  aspects  of  relating  discontinuous  and  continuous  yielding  to 
nicrostructurc  and  its  relationship  to  practical  application  will  be  covered  in  the  final  report 
on  Phase  I.  Tho  transverse  Charpy  V-notch  energies  would  be  increased  by  cross-rolling, 
but  tho  longitudinal  Charpy  V-noteli  energies  would  bo  reduced.  In  any  case,  tho  data  pre¬ 
sented  and  the  relative  changes  resulting  from  changing  a  given  heat-treating  variable  would 
be  applicable  for  either  tho  straight-away  or  thn  cross-rolled  plates. 

These  data  are  not  intended,  for  the  present,  to  relate  brittleness  to  any  of  the  Navy’s 
established  notch  tests.  Once  the  effects  of  all  tho  heat-treating  variables  on  tho  mechanical 
properties  of  1IY-80  steel  have  been  established,  these  data  will  be  related  with  the  drop- 
weight  lest  in  order  to  define  tho  effects  of  given  variables  on  the  nil-ductility  transition 
temperatures  (NT)T). 

It  is  reemphasized  that  the  data  given  herein  arc  mainly  for  the  purpose  of  establishing 
a  hnselino  for  comparing  the  effects  of  isothermal  products  and  relating  the  results  of  investi¬ 
gations  to  ho  conducted  in  Phases  II,  III,  and  IV  of  this  study.  As  additional  data  are  gathered, 
they  w  ill  be  ur-od  to  develop  limitations  of  the  preceding  correlations. 

CONCLUSIONS 

It  is  concluded  thui  the  effects  of  various  austenitic  and  tempering  trentmenLs  on  tho 
mechanical  properties  of  fully  quenched  HV-bO  slei-i  i  used  in  this  investigation  are  as  follown: 
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1.  Various  austenitizing  temperatures  do  not  affect  tho  mechanical  tensile  properties  cf 
HY*S0  steels  quenched  after  austenitising  and  then  tempered  between  1150  and  1270°  F. 

2.  Transverse  Charpy  V-notch  impact  energies  are  above  the  50  ft-Tb  level  at  - 120°  F  for 
specimens  quenched  from  between  the  austenitizing  temperatures  of  1550  and  1700®  F  and 
tempered  between  1150  and  1270°  F. 

3.  Austenitizing  between  1800  and  2000°  F  temperature  range  increases  the  transverse 
Charpy  V-notch  impact  50-percent  fibrous-fracture  transition  temporature  100°  F  over  the 
transition  temperatures  obtained  at  tho  lower  austenitizing  temperature.  However,  the 
transverse  energy  values  are  above  the  longitudinal  30  ft-lb  requirements  ol  the  specification 
for  plates  over  61.2  lb  per  sq  ft. 

4.  Temoering  times  up  to  16  hr  have  no  effect  on  notch-brittleness  properties. 

5.  A  correlation  has  been  established  relating  strength  level  to  Charpy  V-notch  energy 
absorption  and  transition  temperature  for  four  fibrous  fracture  appearances. 

6.  A  relationship  has  been  developed  correlating  longitudinal  and  transverse  Charpy 
V-notch  data  for  a  given  fibrous  fracture  appearance. 


APPENDIX 

least-square  equations  used  in  correlation  of  data 


1b  this  Appendix  the  least- square  equations  and  the  sigma  values  developed  for  the 
curves  of  Figures  22,  23,  2$,  27,  and  28  are  given. 

The  symbols  used  ie  the  equations  given  in  tfcie  Appendix  and  the  meanings  of  these 
symbols  are: 

A.  Longitudinal  Strength,  F 

j.  F  is  tensile  yield  strength  in  kips. 

2.  Ft  is  ultimate  tensile  strength  ia  kips. 

It.  Transverse  Charpy  V-Xotch  Energy  Abaorbod,  £ 

1  £  is  maximum  energy  absorbed  in  ft-lb. 

"Zk  MM 

2.  E100  is  energy  absorbed  in  ft-lb  at  100-percent  fibrous  fracture  appearance. 

3.  £g0  ia  energy  absorbed  in  ft-lb  at  80-perceht  fibrous  fracture  appearance. 

^so  *'*  ontnKy  absorbed  in  ft-lb  at  50-porcent  fibrous  fracture  appearance. 

5.  t  ,a  is  energy  absorbed  in  ft-lb  at  30-pcrcent  fibrous  fracture  appearance. 

C.  Transverse  Charpy  V-Xolch  Fibrous  Fracture  Transition  Temperature,  T 
L  100-pcrcent  fibrous  fracture  appearance. 

a.  Tl0O_ff4  is  cc-ubieed  low-  and  high-chemistry  HY-80  steel  austenitised  1800 
to  2000°  F. 

b.  A  is  low-chemistry  HY-80  steel  austenitized  1550  to  1650°  F. 

c.  T*£  is  high-chemistry  HY-80  steel  austenitized  1550  to  1650°  F. 

2.  8t>-percent  fibrous  fracture  appearance. 

ru  rg0  uA  is  combined  low-  and  high-chemistry  HY-80  steel  austenitized  1800 
to  2000°  F. 

b.  t£0Cla  is  low-chemistry  HY-80  stool  austenitized  1550  to  1650°  F- 

c.  LA  is  high-cbemistry  HY-80  stoel  austenitized  1550  to  1650°  F. 

3,  yVpcrcent  fibrous  fracture  appearance 

»-  Ten  bi  is  combined  low-  and  high-choroistry  IIY-80  steel  austenitized  1800 
to  2000°  F. 

b,  j"  la  combined  low-  and  high-chomistry  HY-80  stoel  austenitized  1550 
to  1«50°  F. 
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4*  30-percent  fibrous  fracture  appearance 

a.  is  combined  low-  and  high-chemistry  RT-SO  stee?  sirstonitirsd  1800 
to  2000®  F. 

b.  7’30.Lj1  is  combined  low-  »nd  high-chemistry  HY-80  steel  austenitized  1550 
to  1650°  F. 

D.  Directional  Charpy  V -Notch  Impact  Properties 
1.  Longitudinal 

a.  E ^  16  energy  absorbed  in  ft-lb. 

b.  T L  is  fibrous  transition  temperature  in  deg  F. 

S.  Transverse 

a.  El  is  energy  absorbed  in  fUb. 

b.  T j  is  fibrous  transition  temperature  in  deg  F. 


u_ 
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To  correlate  longitudinal  strength  and  transverse  Charpy  V-notch  energy  absorbed  at 
maxi  mom  energy  absorbed  and  at  a  given  fibrous  fracture  appearance  (Figure  22),  the  following 
equations  and  sigma  valves  were  used; 

A.  Maximum  Energy  Absorbed 

1.  Yield  Strength 

Emox  =  -  269  +  10.450  (Fty)  -  0.09428  (Fly)7  +  2.5513  (F{y)3  x  10*4;  a  -  5  fulb 

2.  Tensile  Strength 

Emma  -  10-38  *■  3.424  < Ftu )  -  0.03465  (Fluf  4-  9.0726  (Ftu)3  xl0~s;  a  •=  5  ft-lb 

B.  100-Pereent  Fibrous  Fracture  Appearance 

1.  Yield  Strength 

£' |oo  -  -  199  +  8-6097  (Fty)  -  0.07959  (F<y)2  +  2.1777  (Fly)3  x  10'4;  a  -  4  ft-lb 

2.  Tensile  Strength  * 

£,00  »  83.33  v  1.755  ( Ftu )  -0.02303  (F,J2  4-  6.4990  (FtJ3  x  10“ e  -  5  ft-lb 

C.  80-Perccnt  Fibrous  Fracture  Appearance 

1.  Yield  Strength 

£a0  =  11.9+  2.810  (Fly)  -  0.03157  (Fty)2  +  9.2330  (F,y)3  x  10"s;  o  -  5  ft-lb 

2.  Tensile  Strength 

Eg0  -  192.68  -1.157  (E|u)  -0.001001  (Flu)2  *  1.3663  {FJ3  x  10~  *;  o  -  4  ft-lb 

D.  50-Percent  Fibrous  Fracture  Appearance 

1.  Yield  Strength 

Eso  =  -  282  ♦  8.510  (Fty)  -  0.07020  (F,y)2  i  1.8210  (Fty)3  x  10"  4;  o  =  3  ft-lb 

2.  Tensile  Strength 

E50  -  -  136.42  +  4.408  ( Ftu )  -  0.03325  (Ftu)2  -t-  7.6860  (fju)3  x  10"  *;  o  -  3  ft-lb 

E.  30  Percent  Fibrous  Fracture  Appearance 

1.  Yield  Strength 

Fi0  -  -  188  t  5.7002  (Fjy)  -  0.04664  (F,y)2  ♦  1.2130  (F,y)3  x  10“  4;  *  -  4  ft-lb 

2.  Tensile  Strength 

E30=  -138.22  4-3.836  (F,j  -  0.02723  (Flu)2  4-  6.1028  (F,u)3  x  10"5;  c  -  4  ft-lb 

To  correlate  longitudinal  strength  and  transverse  Charpy  V-notch  fibrous  fracture 
transition  temperatures  (Figure  23)  the  following  equations  and  sigma  values  were  used: 

A.  100-Porcont  Fibrous  Fracture  Appoarance 

1.  Austenitized  1800  to  2000°  F,  Lovs-  and  High-Chemistry  11Y-80  Stoel 


a.  Yield  Strength 

rioo-IU  -1-834  -  50.120  (Fty)  +  0.43311  ( Fty )2  -  1.1587  (F|y)*  x  10“*;  *  -  23°  F 

b.  Tensile  Strength 

riOO-IM  “  822  “  21*284  (Ftu)  +  0.16738  ( Ftu )2  -  3.8475  (Ft„)*  x  10“ 4;  a  -  18°  F 
2.  Austenitized  1550  to  1650°  F 

a.  Low-Chemistry  HY-80  Steel 

(1)  Yield  Strength 

TtoCo-LA  -  202*3  “  c-410  <V  +  0.034544  (F|y)2;  a  -  17°  F 

(2)  Tensile  Strength 

TX0C0.LA  —44.4-2.2231  (F|J4)  +  0.01.750  (Ft|<)2  -  8.9110  (F|u)3  x  10“6;  a  -  16°  F 

b.  High-Chemistry  HY-80  Steel 

(1)  Yield  Strength 

.  Tloo -LA  -  “  13-47  -  4-402fl  (F(y)  -  3.8195  ( Fty )2  +  7.7435  (F(y)*  x  10“ 5;  a  -  5°  F 

(2)  Tensile  Strength 

T loo- LA  “  587  “  22-024  ♦  0.15202  (FtlJ)2  -  3.2131  (F,,.)*  x  10“  4;  a  -  2°  F 

B.  80-Percent  Fibrous  Fracture  Appearance 

1.  Austenitized  1S0Q  to  2000* r,  Low-  and  High-Chemistry  HY-80  Steel 

a.  Yield  Strength 

rg0 .HA  ~  “  1995  +  46-226  (Fty)  -  0.37076  ( Fly )2  +  1.03942  (F|y)3  x  10“*;  a  *»  10°  F 

b.  Tensile  Strength 

T*O.HA  -  -  48  -  4-7697  ( Ftu >  +  0.05993  (FJ2  -  1.5728  (F|B)3  x  10“ 4;  a  -  7°  F 
2.  Austenitized  1550  to  1650°  F 


a.  Low-Chemistry  HY-80  Steel 

(1)  Yield  Strength 

rlbC.LA  -  -  295  +  5.4571  (F,y)  -  0.06754  (F|y)2  +  2.8880  (F(y)3  x  10“4;  a  -  14°  F 

(2)  Tensile  Strength 

Tio-LA  "  1025  “  27*371  <*’,„)  +  0.20215  (Ffu)2  -  4.4890  (FtJ|)3  x  10“  4;  e  -  15*  F 


b.  High-Chemistry  HY-80  Steel 

(1)  Yield  Strength 

TSf.LA  -  6^8  -  24.121  (F|y)  +  0.17792  (F{y)"- 3.9476  (F|y)3  x  10“ 4;  a  -  3°  F 

(2)  Tensile  Strength 

TloC.LA  -  2523  -  57-™8  (*',„)  +  0.39925  (Flu)2  -  8.8019  (F|u)3  x  10“ 4;  a  -  2°  F 
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C.  50-Percent  Fibrous  Fracture  Appearance 

1.  Austenitized  !800  to  2000°  F,  Low*  and  High-Cbemistry  JfY-80  Steel 

a.  Yield  Strength 

TS0-h'A  *  1032  “  31-830  (Ft r)  *  0.26820  (Fly)2  -  6.7457  (FJy)3  x  10~4;  a  -  10°  F 

b.  Tensile  Strength 

rso-//4  “  1452  -  37-380  (FtJ  +  °-28467  (FtJ7  ~  6*C366  x  10“4i  »  -  12‘P 

2.  Austenitized  1550  to  1650°  F,  Low-  and  High-Chemistry  IIY-80  Steel 

a.  Yield  Strength 

Tso-LA  =  959  -  2$-54  (f«r>  +  0.22706  (F,y)2  -  5.4845  (F|y)3  x  10“4;  o  -  14°  F 

b.  Tensile  Strength 

Tso mLA  =  1658  -  41.888  ( Ftu )  +  0.30632  (F,u)2  -  7.0058  (FJU)3  x  10“4;  a  -  13®  F 

D.  30-Pcrcent  Fibrous  Fracture  Appearance 

1.  Austenitized  1800  to  2000°  F,  Low-  and  High-Chemistry  HY-80  Steel 

a.  Yield  Strength 

T30-„a  »  597  -  20.990  (Fly)  +  0.18024  (FIy)2  -  4.3766  (F,y)3  x  10“  *;  a  -  11°  F 

b.  Tensile  Strength 

T3o-HA  =  1292  "  34-636  (*'«„)  +  0.2633  (F,u)2  -  6.0891  (FJb)3  x  10“  4;  a  -  13°  F 

2.  Austenitized  1550  to  1650°  F,  Low-  and  High-Chemistry  HY-80  Steel 

a.  Yield  Strength 

T30-l.A  3  S27  “  26  548  (Ftx)  +  0.21465  (FJy)2  -  5.26397  (F(y)3  x  10“4;  a  -  15°  F 

b.  Tensile  Strength 

T30-LA  “  2136  "  53. 379  (Ftu)  h  0.39093  (F(u)2  -  9.0322  (F|B)3  x  10“4;  o  -  18°  F 

To  correlate  transverse  and  longitudinal  Charpy  V-notch  impact  properties  (energy 
absorbed  und  fibrous-fracture  transition  temperature)  for  maximum  energy  and  for  any  given 
percent  fibrous  fracture  appearance  of  a  fully  quenched,  production-rolled  low-chemistry 
II V  SO  steel  plate  (Figure  26),  the  following  equations  and  sigma  values  were  used; 

A.  Transverse  F.nergy  Absorbed  versus  Longitudinal  Energy  Absorbed 
F.l  -  -  10.4  +  2.069  (Ft)  -  5.2107  ( F.f )2  x  10“3;  a  -  7  ft-lb 

B.  Transverse  Transition  Temperature  versus  Longitudinal  Transition  Temperature 
Tl  =  -  13.6  ♦  1.025  (7>)  -  6.5633  (7>)2  x  10“  4.  3  =  25°  F 


To  correlate  hardness,  Rockwell  C  scale,  sad  longitudinal  strengths  toe  UY-80  steel 
austenitized  between  1550  asd  1650°  F,  Figure  27,  the  fort  owing  equations  mod  sigma  to  fee* 
were  used: 

A.  Yield  Strength 

Fly  -  249,4  -  20.101  ( Rc )  *  0.76245  (/?c)2  -  7.8967  (ffc)3  x  10"  3;  a  -  3.5  kips 

B.  Tensile  Strength 

Ftu  -  67.t  +  3.166  ( Bc )  -  0.13063  (fic)J  «•  2.9952  (l?c)3  x  10"  3;  e  -  2.8  kips 

To  correlate  hardness,  Rockwell  C  scale,  and  longitudinal  strength  for  1IY-80  steel 
austenitized  between  1800  and  2000°  F,  Figure  28,  the  following  equations  and  sigma  values 
were  used: 

A.  Low -Chemistry  UY-80  Steel 
L  Yield  Strength 

F^C  •=  87.4  -  3.394  («c)  +  0.23716  («c)a  -  2.G404  («c>3  x  10"  3;  <r  ^  4.1  kips 
2.  Tensile  Strength 

F£ C  -  26.1  ♦  10. 173  («c)  -0.49279  (Rc)2  *  9.2984  («c)3  x  10“  3;  a  -  3.1  kips 

B.  High-Chemistry  IIY-80  Steed 

1.  Yield  Strength 

-  805.8  -  56.96  (ffc)  *  2.0093  («c)2  -  0.02166182  (/?c)3  x  10"  3;  o  -  4.2  kips 

2.  Tensile  Strength 

F"c  -  70.6  +  7.605  (Rc)~  0.44659  ( Rc )2  ♦  8.73005  («c)3  x  10"  3;  a  -  8.1  kips 
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